The application of rRNA directed polynucleotide probes carrying multiple labels facilitates the detection of target cells by fluorescence in situ hybridizations and allows specific enrichment by cell fishing. So far, exclusively RNA transcript probes have been used. To reduce the effort in the preparation of the polynucleotides and to enhance their stability, DNA probes matching a part of the highly variable domain III on the 23S rRNA were constructed by amplification of the target region using PCR. Fluorescent labeling was achieved by incorporation of Cy3-labeled desoxyribonucleotides in the amplification. DNA polynucleotide probes were constructed for the seven validly described Acinetobacter species. Amplified domain III rDNA of A. baumannii and A. calcoaceticus could be readily applied as species specific probe. In addition, rDNA fragments could be used to recognize two groups of species, one comprising A. haemolyticus, A. junii and A. radioresistens and the other one A. lwoffii and A. johnsonii. Acinetobacter baumannii cells, some of them occurring in filaments, could be detected by in situ hybridization in native samples of activated sludge.
Introduction
Fluorescent in situ hybridization (FISH) using oligonucleotide probes has become a widely used and reliable tool for the detection and identification of microorganisms in environmental samples (AMANN et al., 1995) . The use of fluorescent oligonucleotide probes in complex sample material is sometimes hampered by poor signal intensity, e.g. due to the low ribosome content of resting cells, a phenomenon occurring frequently in oligotrophic habitats (AMANN et al., 1995; DELONG et al., 1989) or high autofluorescence of sample compounds or nontarget cells (DELONG et al., 1999) . To overcome these problems, several attempts have been made to benefit from the advantages of rRNA directed polynucleotide probes in whole cell hybridizations (TREBESIUS et al., 1994; DELONG et al., 1999) .
However, polynucleotide probes do not penetrate target cells completely as oligonucleotide probes do. By contrast, large portions of the probes seem to remain outside the cells, leading to a concentration of fluorescence on the outer periphery of the target cell, whereas the interior appears considerably darker (TREBESIUS et al., 1994) .
The stretches of polynucleotide probes that do not enter the cells can be used for the enrichment or depletion of target cells from samples by probe mediated immobilization. For that, the probe is labeled for example by streptavidin. By means of biotinylated paramagnetic beads, cells with associated probes can be separated from the surrounding material. This probe-based cell fishing (PCF) concept has already been successfully applied to artificial cell mixtures (STOFFELS et al., 1999) .
The specifity of polynucleotide probes is determined by the degree of conservation of the complementary stretch of target rRNA and the hybridization conditions applied. At maximum stringency, polynucleotide probes can be employed species specific depending on the variability of the target site (TREBESIUS et al., 1994) . However, continuous highly variable regions are rarely found on rRNA gene sequences. Most suitable for the design of polynucleotide probes is a part of the 23S rRNA domain III comprising E. coli positions 1366 to 1617. This rather contiguous stretch is characterized by a relatively high variability compared to the overall conservation of the 23S rRNA gene. A further peculiarity of this region is the occurrence of stable insertions of more than 100 and deletions of up to 80 nucleotides (ROLLER et al., 1992) .
Up to now, RNA polynucleotide probes have been used in whole cell hybridizations to detect Pseudomonas putida and Acinetobacter spp. cells artificially added to environmental samples (TREBESIUS et al., 1994) and marine planktonic archaea and bacteria in seawater (DE-LONG et al., 1999) .
The preparation of DNA polynucleotide probes is less tedious than that of RNA transcript probes. Furthermore, the stability of DNA probes is higher than that of transcript probes. So far, DNA polynucleotide probes have been used in hybridizations of rRNA samples immobilized on nylon membranes , however not for in situ hybridizations.
To test the applicability of PCR generated DNA polynucleotide probes for whole cell hybridizations, a set of probes directed against parts of the domain III of different species of the genus Acinetobacter was constructed. Representatives of this genus were used as a model system for the evaluation of DNA polynucleotide probes, given their role in wastewater treatment, as nosocomial pathogens and as carriers of multiple antibiotic resistance (CARR et al., 2001; GERNER-SMIDT and FREDERIKSEN, 1993; SEIFERT et al., 1997) .
Materials and methods

Bacterial strains and growth conditions
Sources and strain numbers of bacteria used in this study as well as culture conditions are given in Table 1 . The strains, grown in R2A medium (REASONER and GELDREICH, 1985) or liquid medium 220 (as specified in the list of media of the Deutsche Gesellschaft für Mikroorganismen und Zellkulturen DSMZ, Braunschweig, Germany), were harvested at exponential phase by centrifugation at 10000 × g for 5 min.
Cell fixation
Overnight cultures as well as environmental samples were fixed using 4% paraformaldehyde solution following the protocol given by TREBESIUS et al. (1994) . Prior to hybridizations, samples were spotted on pre-cleaned 10 well glass slides (Paul Marienfeld, Bad Mergentheim, Germany) and treated according to TREBESIUS et al. (1994) .
Preparation of DNA polynucleotide probes
For in vitro amplifications, the Qiagen Taq Core Kit (Qiagen, Hilden, Germany) was applied. Amplification products generated by using the 23S rDNA directed primer pairs 699FII/1037R or 606F/977 on DNA preparations from pure cultures of the respective species served as templates for the construction of polynucleotide DNA probes using the 23S rDNA domain III directed primers 1900FN and 317RT3 (Table 2) . Fluorescent labels were introduced by in vitro amplifications using a nucleotide mix that contained Cy3-labeled dCTP and dUTP (FluoroLink Cy3-dCTP and dUTP, Amersham Pharmacia, Freiburg, Germany). Amplification products were purified either by ethanol/ammonium acetate precipitation or using the Qiagen PCR Purification Kit (Qiagen, Hilden, Germany), eluted from the columns with 30 µl ultrapure water and stored at -20 °C.
Whole cell hybridizations
The glass wells on which the fixed samples had been spotted were covered with 12 µl hybridization solution containing 90-600 ng DNA polynucleotide probe, 56 mM NaCl, 15 mM TrisHCl, 0.0075 % SDS and various amounts of formamide. The slides were introduced in an isotonically equilibrated humid chamber that had been heated to 80 °C. Prior to hybridization, a denaturation step at 80 °C was carried out for 5 minutes. Hybridizations were performed for 3-12 hours at 53 °C. The stringency of the hybridization conditions was adjusted by varying the formamide concentration in a range of 27 to 70% (TREBESIUS et al., 1994) . The hybridization procedure was followed by washing the slides with distilled water.
For oligonucleotide hybridizations, samples were incubated with 9 µl of hybridization solution (MANZ et al., 1992) containing the respective formamide concentration and 50 ng of probe for 90 min at 46 °C in an equilibrated chamber. Immediately after the hybridization step, slides were rinsed with 2 ml of preheated washing solution containing the appropriate salt concentration (MANZ et al., 1992) . Slides were immersed in washing solution for 15 min at 48 °C, subsequently rinsed with distilled water and dried. Oligonucleotide hybridizations were performed following the polynucleotide hybridization. The design of rRNA directed oligonucleotide probes in the context of this study was performed using the ARB software program package (STRUNK and LUDWIG, 1997) . Oligonucleotides were synthesized by MWG Biotech, Ebersberg, Germany. Samples were mounted in Vectashield H-1000 (Vector, Burlingame, CA) and viewed with an epifluorescence microscope equipped with a high pressure mercury bulb and filter sets 09 and 15 (Axioplan, Carl Zeiss, Oberkochen, Germany). Micrographs were taken using a charge-coupled device camera (Princeton Instruments, Trenton, NJ). Image analysis was performed using WinView32 (Princeton Instruments, Trenton, NJ).
Results
Construction of DNA polynucleotide probes
The strains used for preparation of DNA polynucleotide probes are listed in Table 1 . Probes were generated by amplification of fragments of the 23S rRNA gene using the primers 1900FN and 317RT3 (E. coli positions 1366 -1381 and 1602 -1617 BROSIUS et al., 1981) . The resulting fragments comprised approximately 290 base pairs.
To obtain strong fluorescence in in situ hybridizations, a high multiplicity of labels per rDNA fragment is desirable. The ratio of labeled to unlabeled nucleotides was varied in the range of 0.7 to 1.5. For routine application, a ratio of 1.5 ensured a yield of approximately 2 µg of purified polynucleotide probe.
Hybridization conditions and specificity of DNA polynucleotide probes
Appropriate hybridization conditions were determined by hybridizations of DNA polynucleotide probes to artificial mixtures of paraformaldehyde fixed E. coli, Neisseria 1994). This may reflect the assumption that DNA-RNA hybrids are less stable than RNA-RNA hybrids.
To determine whether the probes could be applied for species specific identification, the type strains of all validly described species of the genus Acinetobacter have been tested by hybridizing fixed cells of every type strain with DNA polynucleotide probes generated for any of them. All experiments were performed using fixed E. coli cells as negative control. The results are given in Table 3 .
As common for hybridizations using polynucleotide probes, target cells showed bright halos, whereas the interior appeared to be darker.
Polynucleotide Hence, A. baumannii and A. calcoaceticus could be differentiated from each other and the remaining Acinetobacter species. Two groups -one including A. johnsonii and A. lwoffii, the other A. haemolyticus, A. junii and A. radioresistens -could readily be differentiated. However, no intragroup resolution could be achieved. The analysis of the respective probe sequences with respect to number and position of diagnostic differences showed that the nucleotide sequences within these groups are identical in the stretch corresponding to helix 58. Thus, the regioncontributing with 60 base pairs to approximately a fifth of the overall probe length -appears to be essential for the reassociation of the polynucleotide probes.
A difference of one nucleotide in A. junii, located in the 5′-terminal part of the helix 58 (E. coli pos. 1474; canis and Acinetobacter calcoaceticus cells. The organisms could be differentiated by hybridizations at concentrations between 27% (lowest concentration tested) and 42% formamide in the hybridization. No significant signals could be obtained using hybridization solutions containing more than 45% formamide. However, such conditions are usually applied in in situ hybridizations using transcript probes (STOFFELS et al., 1999 , TREBESIUS et al., BROSIUS et al., 1981 , apparently does not influence the binding behaviour. Indeed, in E. coli the accessibility for oligonucleotide probes is rather limited in the 5'-terminal half of the helix 58, whereas it is good in its 3'-terminal part (FUCHS et al., 2001 ).
In situ hybridization of activated sludge samples
To test the applicability of DNA polynucleotide probes in complex samples, A. calcoaceticus cells were added to PFA fixed activated sludge from reactor SBBR1 (Ingolstadt, Germany) which contains a high amount of flocs and particles. Hybridizations using DNA polynucleotide probe ACADIII-Cy3 resulted in specific signals that could easily be differentiated from any background.
With probe ABADIII-Cy3 targeted towards Acinetobacter baumannii clear signals could be obtained in samples of activated sludge from Großlappen wastewater treatment plant (Munich, Germany) Basin 1. The majority of target cells occurred in chains of cocci, some of which resembled Eikelboom type 1863 (EIKELBOOM, 1975 . Target cell morphologies ranged, with more or less increasing chain length, from relatively large cocci (diameter approx. 1 µm; Fig. 1 .A) to smaller cocci (diameter approx. 0.5 µm) and rather short, rounded coccobacilli ( Fig. 1.B) to rods with a length of approx. 1,3 µm forming long, intricate filaments ( Fig. 1.C) . Cocci, coccobacilli and bacilli could be encountered in the same filament. This finding suggests that these different morphotypes are closely related and may belong to the same species.
Further evidence are signals obtained using the 23S rRNA targeted Cy3-labeled oligonucleotide probe ABA1212 (5′-GCTTCTCAACACACCTTC-3′, E. coli positions 1212 -1219 BROSIUS et al., 1981) specific for A. baumannii ( Fig. 1.D) . Hybridizations were performed at a stringency of 40% formamide in the hybridization buffer. The morphological spectrum of ABADIII target cells could as well be found with probe ABA1212.
Both polynucleotide and oligonucleotide hybridization results were evaluated using the fluorescein-labeled oligonucleotide probe ACA23a (5′-ATCCTCTCCCAT-ACTCTA-3′, WAGNER et al., 1994) specific for the genus Acinetobacter (Figs. 1.A-D) . Hybridizations using ACA23a were carried out at a stringency of 35 to 40% formamide in the hybridization buffer. In the combined use of genus specific and species specific probes, a nested approach was pursued. As could be expected, target cells of probes ABADIII and ABA1211 were detectable also by ACA23a whereas only a fraction of cells hybridizing to probe ACA23a gave signals with ABADIII and ABA1212.
Discussion
Given the specificity of the probes, it is striking that cells representing such a wide range of morphological diversity reacted to the A. baumannii directed probe. However, the polymorphic behaviour could be caused by the environmental nutrient status. If A. baumannii ATCC 16909 T cells were grown on R2A liquid medium, they exhibited extreme polymorphism if harvested at an OD 600nm of approx. 0.37. Not only the length, but also the diameter of the cells differed strongly. The latter ranged from approx. 0.8 to 1.8 µm. The cell morphologies varied from small coccoid forms to large rods, including irregular club shaped cells. All cells with different morphologies exhibited clear fluorescence with polynucleotide probe ABADIII as well as oligonucleotide probe ACA23a. The morphological diversity that can be encountered in culture may explain the differences in the appearance of ABADIII target cells from native samples. Since this phenomenon does not occur if cells are grown in liquid medium 220, which provides in contrast to R2A medium a substantially higher amount of nutrients, the pleomorphism is likely to be caused due to the nutritional situation in the environment. Significant changes in cell morphology as response to external influences have been reported for A. baumannii (HOUANG et al., 1998) , for A. calcoaceticus (LAWSON and TONHAZY, 1980) and for a surface colonizing Acinetobacter sp. (JAMES et al., 1995) . The above mentioned chains of cocci formed by ABADIII target cells could be identified morphologically as Type 1863 originally described by EIKELBOOM (1975) . SEVIOUR et al. (1997) 
Conclusion
DNA polynucleotide probes are potent tools for the detection of microorganisms in complex environmental samples. Their synthesis -in fact merely an amplification reaction using fluorescently labeled nucleotides, followed by a purification step -is less time-consuming in comparison to the synthesis of RNA trancript probes comprising in vitro transcription and precipitation.
Because nucleotides coupled to Fluorescein, Cy3 and Cy5 are available, differently labeled probes can be synthesized and used in the same hybridization. Depending on the stringency of hybridization conditions, probes may be used for distinguishing different species or groups. Generally, highly variable stretches of the rRNA genes are very well suited for the construction of polynucleotide probes. However, the discrimination potential may differ depending on the phylogenetic entities.
DNA polynucleotide probes may also be applied for cell fishing experiments since they do not enter cells entirely, but appear to remain in part outside the target organism.
